Secreted signals, known as morphogens, provide the positional information that organizes gene expression and cellular differentiation in many developing tissues. In the vertebrate neural tube, Sonic Hedgehog (Shh) acts as a morphogen to control the pattern of neuronal subtype specification. Using an in vivo reporter of Shh signaling, mouse genetics, and systems modeling, we show that a spatially and temporally changing gradient of Shh signaling is interpreted by the regulatory logic of a downstream transcriptional network. The design of the network, which links three transcription factors to Shh signaling, is responsible for differential spatial and temporal gene expression. In addition, the network renders cells insensitive to fluctuations in signaling and confers hysteresis-memory of the signal. Our findings reveal that morphogen interpretation is an emergent property of the architecture of a transcriptional network that provides robustness and reliability to tissue patterning.
INTRODUCTION
How cell diversity and pattern are generated during tissue development is a long-standing question. Graded signals, often referred to as morphogens, have been suggested to provide the positional information that organizes gene expression and cellular differentiation in many tissues (Grimm et al., 2010; Ibañ es and Izpisú a Belmonte, 2008; Lander, 2007) . The textbook explanation for their activity is that an extracellular concentration gradient of the morphogen establishes distinct levels of signaling in responding cells and thereby regulates target genes in a concentrationdependent manner (Wolpert et al., 1998) . In this view, the pattern of cellular differentiation is a direct and causal readout of a concentration gradient. However, recent studies challenge this idea. First, it is unclear whether a gradient can be sufficiently reliable and precise to pattern a tissue (Bollenbach et al., 2008; Gregor et al., 2007; Kerszberg and Wolpert, 2007; Manu et al., 2009a) . Second, evidence from several systems indicates that tissue patterning can take place in the absence of a stable gradient of a morphogen (Harfe et al., 2004; Nahmad and Stathopoulos, 2009; Ochoa-Espinosa et al., 2009) . Finally, in addition to the levels of signal, the duration of signaling can contribute to patterning (Ahn and Joyner, 2004; Dessaud et al., 2007; Harfe et al., 2004; Pagè s and Kerridge, 2000) .
One tissue where these issues are particularly relevant is the vertebrate central nervous system. Here, Sonic Hedgehog (Shh) protein, emanating from the ventrally located notochord and floor plate, forms a gradient (Chamberlain et al., 2008) that is responsible for subdividing the ventral neuroepithelium into five neural progenitor domains, each of which generates distinct neuronal subtypes (Jessell, 2000) ( Figure 1A ). In vitro, increasing concentrations of Shh ligand or increasing levels of Gli activity, the intracellular transcriptional effectors of Shh signaling, induce successively more ventral neural fates (Dessaud et al., 2007; Ericson et al., 1997; Stamataki et al., 2005) . In addition, however, neuronal subtype identity depends on the duration of Shh signaling. Accordingly, more ventral neural progenitor identities require longer durations of Shh signaling (Dessaud et al., 2007; 2010) . In vitro studies suggest that cells respond to ongoing exposure to Shh through an adaptation mechanism in which cells become desensitized to Shh (Dessaud et al., 2007) . An important question arising from these studies is how progenitors transform dynamic changes in Shh signaling into spatial patterns of gene expression.
The transcriptional network acting downstream of Shh signaling might offer an answer to this question. Roles in the refinement and elaboration of patterning have been identified for the transcriptional circuits engaged in other tissues patterned by morphogens (Davidson, 2010; Davidson and Levine, 2008; Jaeger and Reinitz, 2006; Manu et al., 2009a; Xu et al., 2005) . Within the neural tube, three transcription factors, Pax6, Olig2, and Nkx2.2, which identify three spatially distinct ventral progenitor domains, are controlled by Shh signaling (Briscoe et al., 1999; Ericson et al., 1997; Novitch et al., 2001 ) ( Figure 1A) . Importantly, the final position of the boundaries of the p3 and pMN progenitor domains is regulated, at least in part, by cross repression between these factors (Briscoe et al., 1999 (Briscoe et al., , 2000 Ericson et al., 1997; Novitch et al., 2001) . Moreover, these transcription factors have been suggested to modulate the level of Shh signaling in responding cells as the neural tube is patterned (Lek et al., 2010) . Together, these studies identify an important role for the transcriptional circuit in refining the pattern of gene expression in the neural tube, but it leaves unresolved the question of how different levels and durations of Shh signaling control appropriate gene expression in responding cells. Furthermore, the in vivo temporal-spatial profile of Shh signaling and how this produces stable gene expression patterns are unclear.
Here, we use an in vivo reporter of Gli activity to determine the dynamics of Shh signaling in the neural tube, and we provide in silico and in vivo evidence that the regulatory logic of Pax6, Olig2, and Nkx2.2 transcriptional circuit is responsible for interpretation of the Shh signaling gradient. Strikingly, the design of (A) Shh, secreted from the notochord and floor plate (FP), forms a gradient in the neural tube that divides ventral neural progenitors into molecularly distinct domains. V3 interneurons are generated from Nkx2.2 + p3 progenitors; motor neurons (MN) from Olig2 + pMN progenitors; and V2 neurons are derived from p2 progenitors, expressing Pax6, but not Olig2. (B) Expression of GFP (green) and Ptch1 (red) at brachial level in Tg(GBS-GFP) embryos at the indicated stages. (C) Tg(GBS-GFP) activity (GFP fluorescent intensity in arbitrary unit [AU]; mean ± SD) as a function of dorsalventral (D-V) position (mm) in embryos of the indicated stages. (D) Average Tg(GBS-GFP) activity in the neural tube (mean + SEM in arbitrary unit [AU]) at relative distances (percentage [%] of the neural tube) from the floor plate in embryos of the indicated stages (n R 3 embryos/stage). (E) Quantification of Ptch1 protein (mean fluorescent intensity ± SEM in arbitrary unit [AU]) at relative distances (percentage [%] of the neural tube) from the floor plate in embryos of the indicated stages (n R 3 embryos/stage). For embryo stages see Table S1 . See also Figures S1-S3. the transcriptional circuit explains both the temporal and graded response to Shh signaling. In addition, it appears to render cells insensitive to transient increases in Shh signaling and produces hysteresis, providing cells with a memory of the signal. Together, these data indicate that the morphogen response of neural cells to Shh is an emergent property of a transcriptional circuit and suggest general principles that are likely to be relevant for morphogen interpretation in many developing tissues.
RESULTS

Dynamics of Intracellular Shh Signaling in Ventral Neural Progenitors
In order to investigate how neural progenitors respond to the Shh gradient (Chamberlain et al., 2008) , we first determined the dynamics of downstream intracellular Shh signaling in vivo. To accomplish this, we took advantage of two independent assays of Shh signaling: immunostaining for Ptch1, which is induced by Shh signaling (Goodrich et al., 1997; Marigo et al., 1996; Vokes et al., 2008) , and a new transgenic reporter mouse-Tg(GBS-GFP)-in which eight concatemerized binding sites for Gli transcription factors regulate GFP expression (Figures S1 and S2 available online).
The profiles of both Tg(GBS-GFP) and Ptch1 protein displayed a ventral-to-dorsal gradient (Figures 1, S1D, S1E, S3A, and S3B). Tg(GBS-GFP) reporter activity and Ptch1 expression were first detected within the ventral neural tube at $8 hr postheadfold stage (hph) (Figures 1Bi-1Bi 00 , 2Ai, and S3Ai-S3Bi). Then, consistent with the progressive increase in the amplitude of the Shh protein gradient (Chamberlain et al., 2008) , the amplitude and range of the gradient of Tg(GBS-GFP) activity and Ptch1 expression increased ( Figures 1C-1E ). The amplitude of the Ptch1 gradient reached a peak between 16 and 20 hph, whereas the Tg(GBS-GFP) activity peaked slightly later $25-30 hph (Figures 1Bii-1Biii 00 , 1C-1E, 2Aii, S3Aii, and S3Bii). The later timing of peak Tg(GBS-GFP) activity could be explained by the relatively long half-life of GFP, estimated to be between 13 and 19 hr (Corish and Tyler-Smith, 1999 ; data not shown), or differences in the trafficking or transcriptional regulation of Ptch1 and GFP levels.
Following the peak, the amplitude of both Tg(GBS-GFP) activity and Ptch1 progressively declined (Figures 1Biii-1Bv 00 and 1C-1E). After 70 hph, the expression of GFP protein was barely detectable (Figures 1Bv-1Bv 00 and 1D) and from 100 hph was no longer observed (data not shown). Accordingly, the less stable GFP mRNA expression confirmed that reporter activity was extinguished by $55 hph . Similarly, the amplitude of the Ptch1 protein gradient progressively decreased and by 70 hph reached basal levels 50 times lower than the peak value (Figures 1Biii-1Bv 00 , 1E, S3Biv, and S3Bv). By 100 hph, Ptch1 protein and mRNA were barely detectable within the most ventral cell types ( Figure S3Bv ; data not shown). However, in contrast to Tg(GBS-GFP) activity, a low level of Ptch1 protein and mRNA was observed in all progenitor cells located dorsal to the p3 domain (Figures 1Bv-1Bv 00 and S3Bv). This suggested that either the levels of Gli activity were not detectable by Tg(GBS-GFP), or the maintenance of Ptch1 expression does not require positive Gli activity. of the neural tube) in Gli3 +/+ and Gli3 À/À embryos at the indicated stages. Scale bars, 50 mm. For embryo stages see Table  S1 . See also Figure S4 .
Together, these data indicate that the dynamics of Shh signaling follow an adaptation profile, increasing during early developmental times to reach a peak in e8.5-e9 embryos, then decreasing such that by e10.5 the levels of signaling in the neural tube are low (Figures S1D and S1E). Strikingly, these dynamics of intracellular Shh signaling differ from the gradient of Shh protein, which increases in amplitude over the same time period (Chamberlain et al., 2008) , supporting the idea that ventral neural progenitors adapt their response to ongoing Shh exposure (Dessaud et al., 2007; 2010) .
Positional Identity Does Not Correspond to Thresholds of Intracellular Signaling
The Shh signaling dynamics prompted us to compare the Tg(GBS-GFP) reporter activity to the expression patterns of the downstream genes Pax6, Olig2, and Nkx2.2, the expression of which changes over time (Jeong and McMahon, 2005; Stamataki et al., 2005) . At each stage, Nkx2.2 was expressed in regions containing the highest levels of Shh signaling . At 18 hph, Olig2 and low levels of Pax6 were expressed in cells that contained low levels of Shh signaling (Figures 2Aii, 2Av , and 2B; data not shown). By 50 hph the level of signaling in cells expressing Olig2 and Pax6 had dropped substantially (Figures 2Aiii and 2Avi ). High levels of Pax6 were restricted to cells lacking Tg(GBS-GFP) activity ( Figure 2Avi ). These data are consistent with the induction of Nkx2.2 by high and Olig2 by moderate levels of Shh signaling and repression of Pax6 by Shh signaling (Dessaud et al., 2007; Ericson et al., 1997) . Crucially, however, over the course of development, the relationship between the level of reporter activity and the expression of each gene changed. For example, the level of GBS-GFP in Olig2expressing cells was higher at 18 hph than the level of GBS-GFP activity associated with Nkx2.2 expression at 60 hph ( Figure 2B ). Moreover, cells at the p3/pMN boundary that received similar levels of Gli activity expressed either Olig2 or Nkx2.2 ( Figure 2B ). Thus, the induction of Nkx2.2 and Olig2 does not appear to be determined simply by a fixed threshold of Gli activity.
The lack of correlation between thresholds of Gli activity and positional identity was further emphasized by the analysis of embryos lacking Gli3. This Gli protein provides the major transcriptional repressor function in the Shh pathway ( Figure S4B ; Hui and Joyner, 1993) . Consistent with the repressor function of Gli3, the amplitude and range of the Tg(GBS-GFP) activity were markedly increased in the neural tube of 40 hph Gli3 mutant mice (Figures 2Ci, 2Ciii, and 2D) . Despite this increase in Gli activity, there was no significant difference in the expression profile of Nkx2.2 in either 40 hph embryos or later embryonic ages ( Figures 2D and S4A ). Thus, although many cells in the ventral neural tube received levels of Shh signaling that greatly exceeded those usually associated with Nkx2.2 induction, the expression of Nkx2.2 remained confined to its normal spatial domain.
Together, these data demonstrate that the intracellular signaling in response to Shh exposure is highly dynamic and that thresholds of Gli activity are not sufficient to control gene expression. This raises several questions. How do cells acquire their positional identity in response to changing levels of morphogen signaling? What determines the differential response of genes in the neural tube? How are gene expression patterns maintained after the level of signaling has decreased in the neural tube?
The Gene Regulatory Network Produces the Morphogen Response Pax6, Olig2, and Nkx2.2 are linked together in a gene regulatory network (GRN) that affects their response to Shh signaling (Briscoe et al., 2000; Lek et al., 2010; Novitch et al., 2001; Vokes et al., 2007) . A series of regulatory interactions between Pax6, Olig2 and Nkx2.2 have previously been demonstrated to influence the expression of each factor (Briscoe et al., 1999 (Briscoe et al., , 2000 Ericson et al., 1997; Novitch et al., 2001) . Accordingly, Pax6 represses Nkx2.2, whereas Olig2 inhibits Pax6 expression. Conversely, Nkx2.2 represses Pax6 and Olig2. In addition, a consistent, albeit small, dorsal expansion of Nkx2.2 expression was observed in Olig2 À/À embryos compared to wild-type stage-matched littermates (Figures 3Aii, 3Avi , 3B, and 4Bii). Conversely, the overexpression of Olig2 in chick neural tube inhibited the induction of Nkx2.2 expression ( Figures S5A and  S5B ). Thus, Olig2 exerts a repressive influence on Nkx2.2 that leads to a revision in the GRN that links these three transcription factors ( Figure 4A ).
Because GRNs have been shown to control the dynamics and behavior of genes in developing tissues (Davidson, 2010; Davidson and Levine, 2008) , we asked whether the regulatory logic linking Shh to Pax6, Olig2, and Nkx2.2 might explain the morphogen response in neural progenitors. Strikingly, the dorsal limit of Nkx2.2 expression at 60 and 80 hph in Pax6;Olig2 mutant mice expanded to match the dorsal limit of Olig2 expression in equivalent staged wild-type embryos (Figures 3Av, 3Aviii , 3C, 4Bi, and 4Biv). To ask whether this could result from changes in the level of Gli activity in Pax6;Olig2 mutant mice, we first assayed Tg(GBS-GFP) activity in this genetic background. Although the higher levels of Tg(GBS-GFP) activity appeared to persist for a somewhat longer time in the most ventral cells of the neural tube in Pax6;Olig2 mutants, the range of Tg(GBS-GFP) activity was unchanged ( Figures 3D and 3E ; data not shown). More importantly, the level of GFP expression in cells that normally express Olig2 was unchanged from wild-type in Pax6;Olig2 mutants ( Figure 3E ; data not shown). This excludes the possibility that Nkx2.2 expansion in the mutants is a consequence of increased Shh signaling. Moreover, RNAi-mediated blockade of Pax6 in neural tube cells resulted in Nkx2.2 induction by levels of Gli activity that were only sufficient to induce Olig2 in wild-type embryos ( Figures S5C and S5C 0 ). These results together with the lack of dorsal shift of Nkx2.2 expression domain in Gli3 À/À mice, despite the increase in Gli activity (Figure 3E) , indicate that the differential responses of Nkx2.2 and Olig2 to graded Shh signaling are determined by the regulatory architecture of the transcriptional network, and not by differences in the intrinsic responsiveness of the two genes to Shh signaling.
The GRN Links the Temporal and Graded Responses of Progenitors Feedback and nonlinearity in even relatively simple gene networks can make their operation difficult to understand (Alon, 2007) . Therefore, we formulated a mathematical model of the Pax6-Olig2-Nkx2.2 transcriptional network. Linked ordinary differential equations (ODEs) were used to describe the response of Pax6 (P), Olig2 (O), and Nkx2.2 (N) in time (t) to an input from Shh-Gli signaling (G) ( Figure 4A) .
(2)
Although this abstraction cannot account for the full complexity of the in vivo situation, it accurately describes the experimentally determined regulatory relationships and allows the logic of these interactions to be explored. Parameter ranges were identified that produced a switch from P HIGH /O HIGH / N HIGH in response to progressively higher values of G (where X HIGH defines the state in which the value of the indicated variable was above the arbitrary threshold of 1; simulation in Figure 4Bi , see also Experimental Procedures and Table S2 ). This analysis indicated that the circuit is able to encode the multistate switch, P HIGH /O HIGH /N HIGH , in response to a morphogen-like input. A sensitivity analysis demonstrated that for the majority of parameters, increasing or decreasing their value did not affect the behavior of the system, suggesting that when the degradation rates and the repression parameters for all three TFs were of the same order of magnitude, the behavior of the model was robust (Table S3 ). Importantly, however, for the system to display the appropriate behavior, N had to be the strongest repressor in the circuit, in order to overcome the repression from P and O and prevail in response to high values of G. Analysis of a Heaviside simplification of the system, which allows analytic solutions for the steady states of the system, confirmed the key parameter relationships for the biologically appropriate outputs (J.P., K.M.P., and J.B., unpublished data).
We tested whether the model recapitulated the behavior of gene expression observed in Olig2, Pax6, or Pax6;Olig2 mutant embryos ( Figures 3A and 4Bii-4Biv ). The removal of P or O from the system reduced the three-species network to a twospecies cross-repression network similar to those that have been analyzed previously (Cherry and Adler, 2000; Saka and Smith, 2007) and resulted in N achieving its peak activation at lower values of G (Figures 4Bii and 4Biii) . Similarly, the removal of P and O resulted in N induction at even lower values of G (Figure 4Biv ). These data are consistent with the dorsal expansion of Nkx2.2 expression in the corresponding mouse mutants ( Figures 3A and 4Bii-4Biv) . Moreover, the removal of P resulted in a more limited induction of O, consistent with the decreased expression of Olig2 observed in Pax6 mutants (Figure 4Biii ).
The in vivo observations ( Figure 3C ) indicated that, in the absence of Pax6 and Olig2, the extent of Nkx2.2 expression matched that expected of Olig2. In the model, the regulation of Olig2 and Nkx2.2 is simulated in Equations 2 and 3, respectively: in these equations, b and g determine the maximal rates of expression of O and N, respectively, in response to G. For the induction of N by G, in the model in which O and P are removed, (C) Measurements of the dorsal boundary position of Nkx2.2 expression in Pax6 À/À and Pax6 À/À ;Olig2 À/À embryos (n R 3 embryos; mean ± SD of the Nkx2.2 boundary) at the indicated stages. The normal positions of the Nkx2.2 and Olig2 domains in wild-type embryos are indicated in the shaded regions, and all positions are normalized to that of wild-type Olig2. The Nkx2.2 boundary in Pax6 À/À ;Olig2 À/À mutant embryos is significantly different from wild-type litter-mates (p values from Student's t test, 50 hph: p < 0.0005; 60 hph: p < 5 3 10 À9 ; 80 hph: p < 0.05). (D) Nkx2.2 (blue), Olig2 (red), and GFP (green) in forelimb regions of mouse embryos of the indicated genotype and stage (n R 2 embryos for each data point). (E) Quantification of the levels of Tg(GBS-GFP) activity in Gli3, Pax6;Olig2 mutants, and control wild-type or heterozygous sibling embryos (Ctl Sib). Heat maps depict GFP (mean intensity in arbitrary units [AU] ) and the dorsal boundaries of Nkx2.2 (white) and Olig2 (gray) (mean ± SD) along the D-V axis (distances from the floor plate in percentage [%] of the neural tube). Scale bars, 50 mm. For embryo staging see Table S1 . See also Figure S5. to match the induction of O in the complete model, the value of g/k 3 must equal b/k 2 . Strikingly, simulations of the full model with these parameter conditions indicated that the P HIGH /O HIGH / N HIGH switch was produced (Tables S2 and S3 ). Thus, the system, in which the intrinsic response of N and O to G is identical, is sufficient to generate the appropriate tripartite response. These results are counterintuitive because conventional morphogen models predict that the gene requiring higher levels of morphogen signaling should be less sensitive to the signal. Together, therefore, the in silico and in vivo data indicate that the morphogen response of Nkx2.2 and Olig2 to Shh is a property of the regulatory logic of the transcriptional circuit and is unlikely to be established by differential sensitivity of these genes to Shh signaling.
We next examined the temporal behavior of P, O, and N prior to system settling into a stable state. The results showed that for high values of G, a P HIGH /O HIGH /N HIGH switch, as a function of time, was apparent ( Figures 4C and S6A ). Hence, there is a correspondence in the dynamic behavior of P, O, N, and the stable states of the system generated by different values of G (Figures 4Bi and 4C) . To explore this further, we analyzed the temporal output of the system for different values of G using the same parameter regime. A state space diagram in which the activation of the three species, P, O, N, is a function of time (t) and G ( Figures 4D and S6B ) indicated that to activate O or N and to repress P, a threshold value of G must be sustained for an appropriate period of time; higher thresholds and longer durations of G are required for induction of N than for O. Moreover, for all levels of signaling, in which the system reached a stable state of N HIGH , an O HIGH state existed transiently prior to N induction ( Figure 4D ). This behavior is in agreement with empirical observations that Olig2 is expressed in cells prior to Nkx2.2 in vivo and in vitro ( Figure 2B ; Dessaud et al., 2007; Jeong and McMahon, 2005; Stamataki et al., 2005) . In addition, comparison of model simulations in which P, or P and O were removed predicted that the expansion of Nkx2.2 should be more rapid in the absence of both Pax6 and Olig2 than in the absence of only Pax6-as a consequence of the presence of the repressive activity of Olig2 on Nkx2.2. Consistent with this, the expansion of Nkx2.2 prior to 60 hph was less evident in the Pax6 À/À embryos than in Pax6;Olig2 double mutants ( Figures  3Aiii, 3Aiv, 3Avii, 3Aviii, and 3C) .
Finally, challenging the model with a simulated temporal profile of Gli activity, which mimics the in vivo dynamics of Gli activity, produced the experimentally observed gene expression outputs ( Figures S7A and S7C) . Together, the analysis indicates that the temporal and graded responses of the system are inseparable, and the stable state to which the system settles is a consequence of the dynamics of regulatory interactions within the network. Table  S1 . See also Figure S6 , and Tables S2 and S3 .
The Regulatory Logic of the Transcription Circuit Confers Robustness
We next addressed whether the configuration of the network could provide robustness to temporal fluctuations in signal. We first simulated the consequence of a transient increase in Gli activity (using a step function) or the provision of noisy Gli activity ( Figure 5A ). Introducing these fluctuations in G did not perturb the qualitative output of the system (Figure 5A 0 ). This striking observation suggested that the normal pattern of Nkx2.2 expression in Gli3 mutants, despite the increase in signaling, might be due to the dynamics of elevated Gli activity in this genetic background. Indeed, examination of Gli activity in Gli3 À/À embryos, using Tg(GBS-GFP), indicated that the increased signaling was transient, and by 80 hph, GFP distribution in Gli3 mutants was indistinguishable from control embryos ( Figures 2C, 2D, S4A , and S4C). The return of Gli activity to normal levels in Gli3 À/À can be explained by the mechanism of adaptation of cells to Shh signaling. The higher levels of signaling produced in the absence of Gli3 resulted in strong upregulation of Ptch1 expression ( Figure S4B ). This provides additional negative feedback that would act homeorhetically to restore signaling to normal levels. Consistent with this, increasing Smo activity by culturing embryos with Pur for 6 hr transiently induced high levels of Tg(GBS-GFP) activity but had no effect on the patterning of the ventral neural tube (Figures S2D and S2E) . Together, these data strongly support the idea that sustained levels of Shh signaling are required for Nkx2.2 induction and suggest that the transcriptional circuit acts as a buffer to transient increases in signaling.
To test this idea in vivo, we asked whether perturbation of the circuit sensitized the neural tube to increased Shh signaling. To this end, we assayed embryos lacking both Pax6 and Gli3. In these embryos there was a much greater dorsal expansion in the domain of Nkx2.2 expression compared to the absence of in Gli3 À/À , Pax6 À/À , and Pax6 À/À ;Gli3 À/À embryos at 80 hph. For comparison the colored shading indicates the Nkx2.2 (light green) and Olig2 (light red) expression in wildtype embryos. All positions are normalized to that of the dorsal limit of wild-type Olig2. Scale bars, 50 mm. For embryo stages see Table S1 .
Pax6 or Gli3 alone ( Figures 5B and 5B 0 ) . Thus, increased Shh signaling in the absence of Pax6 markedly increased the range of Nkx2.2 induction. This is consistent with the importance of the regulatory circuit to buffer transient fluctuations in signaling and offers an explanation for the robustness of patterning in the ventral neural tube.
Hysteresis in the Response of Nkx2.2 to Shh Signaling
Model simulations suggested that the circuit should confer hysteresis on Nkx2.2 in response to Shh signaling ( Figure 6A) . Accordingly, the value of G necessary to maintain N, once activated, was lower than that needed to initially induce N. Examination of the parameters suggested that this would happen in conditions in which N is sufficient to inhibit both P and O, resulting in an effective positive feedback loop (sometimes called double negative) between N and P (Figure 7Bv ). Generically, such networks lead to bistability and hysteresis (Tyson and Othmer, 1978) . By contrast we identified parameter sets in which oscillatory behavior, rather than hysteresis, could be observed as the system switched from P HIGH to O HIGH to N HIGH ( Figures  S7B and S7B 0 ). Such periodic behavior was evident in the switch from O HIGH to N HIGH and occurred when the parameter values were such that neither P nor O or N prevailed over all the other TFs (Table S2 ). In these cases, the network is effectively a negative feedback loop resembling a repressilator (Elowitz and Leibler, 2000) . Importantly, the parameter sets that generate hysteresis or repressilator-like oscillations were mutually exclusive; thus, the presence of hysteresis would rule out oscillations (J.P., K.M.P., and J.B., unpublished data).
To test for hysteresis in neural progenitors, we assayed Nkx2.2 in explants of intermediate regions of naive chick neural plate (Dessaud et al., 2007; 2010; Ericson et al., 1997) exposed to recombinant Shh protein ( Figures 6B-6D 0 ) . Treatment with 4 nM Shh generated high levels of Gli activity and induced Nkx2.2 expression in most cells by 18 hr (Figures 6C, 6Di, 6Dii , 6D 0 i, and 6D 0 ii). Low levels of Gli activity produced by exposure to a combination of 4 nM Shh and 50 nM cyclopamine (Cyc), an antagonist of Shh signaling (Cooper et al., 1998) , did not induce Nkx2.2 and resulted in cells adopting an Olig2 identity (Figures 6Biv-6Div 0 ; data not shown). By contrast, if the levels of Gli activity were reduced, by addition of 50 nM Cyc, after 18 hr of exposure to 4 nM Shh (Figures 6Biii and 6Ciii ), Nkx2.2 expression was sustained (compare Figure 6Diii with 6Di) . Nevertheless, the maintenance of Nkx2.2 required Gli activity because the complete blockade of signaling with 500 nM Cyc at 18 hr inhibited Nkx2.2 expression (Dessaud et al., 2007; 2010) . Thus, lower levels of Shh signaling are required to sustain than to induce Nkx2.2 expression, consistent with the gene regulatory circuit conferring hysteresis. Importantly, these experiments suggest an explanation for the persistence of Nkx2.2 expression in the p3 domain in vivo, despite the level of Gli activity and Gli1 and Gli2 expression in these cells decreasing with developmental age (Figures 2B, S3C, and S3D) .
DISCUSSION
We provide evidence that Shh morphogen interpretation in the neural tube is an emergent property of its downstream GRN. Cells transform the extracellular gradient of Shh into a dynamic profile of intracellular Gli activity that engages a transcriptional circuit, the regulatory logic of which is responsible for the generation of the characteristic temporal and spatial patterns of gene expression ( Figure 7) . This mechanism offers a powerful strategy to achieve the characteristic precision and robustness of morphogen-mediated pattern formation.
Adapting Dynamics of Gli Activity In Vivo
Previous in vitro studies predict that neural cells adapt to continuous exposure to Shh by progressively becoming less responsive (Dessaud et al., 2007; 2010; Jeong and McMahon, 2005) . The analysis of Gli activity and Ptch1 expression revealed a similar desensitization in vivo (Figure 1) . These dynamics of Gli activity provide a contrast with other morphogens in which signaling appears to remain constant during the patterning phase (Gregor et al., 2007) or increase with time (Bergmann et al., 2007; Harvey and Smith, 2009; Wartlick et al., 2011) .
As a negative regulator of the Shh pathway, Ptch1 is likely to contribute to the nonlinear transduction of Shh signaling (Dessaud et al., 2007; Goodrich et al., 1997; Jeong and McMahon, 2005) . Consistent with this, the amplitude of the Shh gradient increases in the absence of feedback (Chamberlain et al., 2008) , and Ptch1 transcript and protein are strongly upregulated in a spatial and temporal profile that matches the dynamics of Gli activity (Figures 1E and S3B ). Patched has also been implicated in shaping the gradient of Hh signaling in the Drosophila wing disc (Chen and Struhl, 1996; Nahmad and Stathopoulos, 2009 ). However, in this tissue the Hh-dependent upregulation of Ptch is proposed to bind and sequester Hh, thereby nonautonomously reducing ligand spread (Chen and Struhl, 1996; Nahmad and Stathopoulos, 2009 ). This mechanism is unlikely to play the major role in the dynamics of Gli activity in the neural tube because the amplitude and range of the Shh gradient increase during the period of time that the Ptch1 and Gli activity gradients decrease (Chamberlain et al., 2008) .
Other mechanisms are also likely to contribute to the observed Gli activity dynamics. Embryos in which Shh signaling is activated by an agonist of Smo, which bypasses Ptch1-mediated negative feedback, showed a progressive downregulation of Shh signaling following an initial transient burst ( Figure S2E ).
The inhibition of Gli gene expression in progenitors exposed to Shh (Lek et al., 2010; Matise et al., 1998) could explain, at least in part, a decrease in signaling. Taken together, therefore, the data support the idea that cell autonomous feedback contributes to the temporal adaptation of Gli activity.
Morphogen Interpretation as an Emergent Property of a Transcriptional Network
Our analysis indicates that the downstream transcriptional network is responsible for morphogen interpretation. The correspondence between the wild-type domain of Olig2 expression and the domain of Nkx2.2 expression in Pax6 À/À ;Olig2 À/À Figure 7 . A Model for Morphogen Interpretation (A) Schematic of Shh signaling-mediated patterning of the ventral neural tube. At t 0 , low levels of Shh protein, emanating from the notochord, are translated into low levels of intracellular Gli activity, which are not sufficient to induce Olig2 and Nkx2.2 or to repress Pax6. As development progresses, increasing production of Shh ligand generates a gradient of Gli activity that increases in amplitude (t 1 ), then reaches a peak (t 2 ) before retracting (t 3 ). Gli activity is interpreted by ventral progenitors by the GRN: Olig2 is initially induced (t 1 ) and represses Pax6. Subsequently, Nkx2.2 is induced (t 2 ) and represses Pax6 and Olig2. Hysteresis maintains these domains of expression as the amplitude of the Gli activity decreases (t 3 ). (B) The regulatory circuit connecting G, N, O, and P is composed of four interconnected incoherent feed forward loops (IFFL). These are type 1 and type 2 IFFLs (Alon, 2007) . Two type 1 IFFL link G, N, and O (i and ii), whereas two type 2 IFFL connect P, N, and O (iii and iv). The arrangement results in each factor receiving positive (v and vi, green arrows) and negative feedback (vii, red blunt arrows). (C) A generalization of the 3-transcription factor gene regulatory circuit and an extension of the network to include an additional component. M is the morphogen signal and X i the transcription factors. The additional transcription factor is added to the network by two interconnected type 1 IFFL. (C 0 ) Graph depicting the long-time steady-state profiles of X 1 (red), X 2 (blue), X 3 (green), and X 4 (pink) from the system in (B) and (C). See also Figure S7 . embryos indicates that in the absence of repression by Pax6 and Olig2, the response of Nkx2.2 and Olig2 to Shh is similar. Thus, instead of different intrinsic responsiveness of the target genes to morphogen (Driever et al., 1989; Jiang et al., 1991) , the regulatory logic of the transcriptional circuit determines the pattern of expression of each gene. In other words, higher levels of Gli activity are required to induce Nkx2.2 than Olig2 because Nkx2.2 repression by Pax6 and Olig2 must be overcome. In silico analysis confirms that the circuit can interpret a morphogen even when the genes are equally responsive to the signal. In this view, the morphogen response emerges from the design of the transcriptional circuit rather than being encoded in discrete parts of the system.
It is tempting to hypothesize that morphogen-controlled GRNs may be the main driver of pattern formation in other tissues. The transcriptional circuit composed of Gap genes that operates along the anterior-posterior axis of the Drosophila embryo appears to refine and stabilize the patterns of gene expression generated by differential responses to a gradient of Bicoid (Manu et al., 2009b) . Moreover, an analysis of genes responding to Bicoid failed to find a correlation between the affinity and number of binding sites for Bicoid in the regulatory elements of these genes and their pattern of expression along the anteriorposterior axis (Ochoa-Espinosa et al., 2005) . Similarly, the level of the Dorsal morphogen does not appear to be directly related to the response of target genes along the dorsal-ventral axis of the embryo (Liberman et al., 2009) , and regulatory interactions between the transcription factors controlled by Dorsal have been implicated in refining spatial patterns of gene expression (Stathopoulos and Levine, 2005) .
The regulatory logic of the Pax6-Olig2-Nkx2.2 circuit explains why both the level and duration of Shh signaling affect gene expression. Two factors dictate the response of a cell: the current level of Gli activity, and the existing gene expression profile in the cell ( Figure 7A ). Because the current state of gene expression in a cell is a consequence of prior Gli activity, which results from exposure to Shh, it provides a memory of the signaling experienced by a cell. In this way the circuit acts as the timer that measures the duration, as well as the level, of Gli activity and Shh exposure. The consequence of this mechanism is that the response to different levels of signal is produced by the same mechanism that generates the different temporal responses of the genes. Thus, the temporal and graded responses to Shh are inseparable properties of the regulatory circuit. This reconciles experimental results that have indicated that either the level or the duration of signaling is critical for the control of gene expression (Ahn and Joyner, 2004; Dessaud et al., 2007; 2010; Harfe et al., 2004; Pagè s and Kerridge, 2000) . Moreover, the observation that temporally changing levels of signaling can generate the same spatial patterns of gene expression suggests that different modes of signaling-temporal versus gradedcould be responsible for the profile of gene expression at different positions within the tissue.
The Transcriptional Network Confers Robustness and Memory
In addition to explaining the mechanism that results in differential spatial patterns of gene expression, we provide in silico and in vivo evidence that the network confers both robustness to signal fluctuation and hysteresis. The insensitivity of the circuit to transient changes in the level of signaling provides a means to achieve reliable patterning despite the inherent noisiness of development (Bollenbach et al., 2008; Gregor et al., 2007) . This suggests a solution to the apparent discrepancy between the accuracy of patterning processes and the limits on the precision of morphogen gradients (Bollenbach et al., 2008; Gregor et al., 2007; Jaeger and Reinitz, 2006; Manu et al., 2009a) . Moreover, this might help explain why, in the absence of Gli3, although there is a marked increase in signaling, only minor neural tube patterning defects are observed. We provide evidence that the transcriptional circuit is able to buffer the short-lived elevation in signaling levels that result from loss of Gli3. The increased levels of Ptch1, induced by the increased signaling, are then likely to contribute to restoring signaling to normal levels. This represents an example of system-level feedback and, from the perspective of Waddington's epigenetic landscape (Waddington, 1942) , suggests a molecular explanation for the phenomenon of ''canalization,'' although further studies will be necessary to identify additional mechanisms for the robustness of neural tube patterning.
The in silico and experimental analysis also revealed that the transcriptional circuit confers hysteresis to Nkx2.2 expression. This offers an explanation for how the pattern of gene expression is maintained during development even as the signaling gradient recedes. The maintenance of gene expression patterns during the elaboration of tissue development is a key feature of patterning. The finding that the same mechanism is responsible for both the initial interpretation and the maintenance of Nkx2.2 provides an elegant solution to this problem.
Finally, examination of the regulatory logic of the circuit revealed that it consists of an overlapping arrangement of positive and negative feedback ( Figure 7B ). Together with the experimental analysis, this provides an intuitive understanding of the performance of the transcriptional circuit. Moreover, the logic can be generalized and extended to regulate additional target genes in a morphogen-like manner ( Figures 7C and 7C 0 ). As such, this mechanism might represent a general strategy for morphogen interpretation. Together, the study highlights the information-processing power of transcriptional networks (Alon, 2007; Davidson, 2010; Jaeger and Reinitz, 2006; Vokes et al., 2007) , and the simplicity and adaptability of this mechanism suggest that it is likely to be relevant for the control of patterning of tissues other than the neural tube.
EXPERIMENTAL PROCEDURES
Mouse Lines
Mice containing mutant alleles for Pax6 (Small Eye allele), Olig2, and Gli3 (Xt J allele) have been described previously (Ericson et al., 1997; Hui and Joyner, 1993; Zhou and Anderson, 2002) . To generate the Tg(GBS-GFP) line, eight concatemerized fragments of a FoxA2 enhancer that contains a Gli binding site (Sasaki et al., 1997) were cloned upstream of the hsp68 minimal promoter and eGFP (details are provided in Extended Experimental Procedures). To stage mice, we used somite number and converted these to standardized times (Table S1 ) expressed as hours postheadfold stage (hph). All procedures were carried out with the approval of the Institute Ethical and Biological Services Animal Research Committees under Home Office Project License (PPL 80/2091).
Immunohistochemistry and In Situ Hybridization
Mouse embryos from timed pregnant females were staged and fixed in 4% paraformaldehyde for 45 min to 2 hr at 4 C. Fixed embryos were cryoprotected by equilibration in 15% sucrose, cryosectioned (14 mm), and processed for immunostaining (Briscoe et al., 2000) or in situ hybridization (ISH) (Yamada et al., 1993) . Details of the reagents and the quantification are provided in the Extended Experimental Procedures.
Chick Neural Plate Explant Culture Neural plate tissue was isolated from HH10 stage chick embryos and cultured as described (Yamada et al., 1993) . Shh protein was generated as described (Ericson et al., 1997) . Cyc (Toronto Research Chemicals) was dissolved in 100% ethanol. Luciferase assays in explants were performed as previously described (Dessaud et al., 2007) . Each experiment was performed independently more than once and gave reproducible results.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven figures, and three tables and can be found with this article online at doi:10.1016/j.cell.2011.10.047.
